INTRODUCTION
============

Phosphodiesterase (PDE) 5 inhibitors regulate signaling pathways by elevating cyclic guanosine monophosphate (cGMP) levels. They may furthermore enhance cerebral blood flow (CBF) through the vasoactive activity of cGMP.[@b1-cpn-17-432] A decline in CBF has been suggested to be associated with cognitive dysfunction.[@b2-cpn-17-432]

Except for blood flow, several other mechanisms that could explain the cognition-enhancing effects of PDE5 inhibitors have been suggested to date. Some reports describe an emotional arousal effect of PDE5 inhibitors and suggest that cognitive function could be improved as a consequence of emotional arousal.[@b3-cpn-17-432],[@b4-cpn-17-432] Enhanced second messenger signaling also results in the facilitation of long-term potentiation (LTP) processes.[@b5-cpn-17-432] Hippocampal LTP is considered to represent a pivotal synaptic model for learning and memory consolidation.[@b6-cpn-17-432] As such, there has been an increasing interest in the development of PDE5 inhibitors for cognition enhancement.

Tadalafil is a PDE5 inhibitor that has been used to treat erectile dysfunction (ED). An increasing number of patients have been treated with a once-daily low dose of tadalafil since it was approved by the United States Food and Drug Administration for use in cases of benign prostate hyperplasia. Tadalafil can cross the blood--brain barrier and has been reported to improve cognitive function in animal models.[@b7-cpn-17-432] However, few studies on the effects of tadalafil on cognition have been completed to date in humans, though there have been a number of papers published that have investigated the effects of sildenafil on human cognition.[@b8-cpn-17-432],[@b9-cpn-17-432] In addition, ED is associated with poor cognitive performance, especially in the aspects of attention, executive functioning, and processing speed, because vascular problems are the most common etiology of ED.[@b10-cpn-17-432] Patients with ED are also at an increased risk for dementia later in life.[@b11-cpn-17-432]

Considering these concepts about PDE5 inhibitors, the aims of this study were to investigate the effects of daily low-dose tadalafil on cognitive function and to examine whether there was a change in cerebral perfusion in patients with ED and mild cognitive impairment.

METHODS
=======

Study Design
------------

This prospective clinical study was conducted at single medical center in Korea. The study was performed in accordance with the ethical principles of the Declaration of Helsinki. Written informed consent was received from each patient prior to their participation in the study. This study was approved by the Institutional Review Board of the Catholic University of Korea (HC17MISI0012).

The subjects were prescribed a low-dose PDE5 inhibitor (tadalafil 5 mg) once daily for eight weeks. Subjects were instructed to take one tablet about two hours prior to sexual intercourse or before bedtime. Assessments were completed at eight weeks after the study initiation, including single-photon emission computed tomography (SPECT) study, which was performed both at baseline and at eight weeks after. Patients reported adverse events at each visit. Incidence, type, and severity of adverse event were reported. A physical examination and vital sign assessment were performed for analysis at the beginning of the study and at four weeks and eight weeks.

Subjects
--------

Male patients aged 50 years to 75 years with at least three months of ED (International Index of Erectile Function \[IIEF\]-5 score ≤ 21) and mild cognitive impairment (Montreal Cognitive Assessment \[MoCA\] score ≤ 22) were included in the study. MoCA is one of the representative tools for assessing general cognitive function.[@b12-cpn-17-432] Exclusion criteria included serious cerebrovascular or cardiovascular conditions within the previous six months; uncontrolled hypertension and hypotension; uncontrolled diabetes and arrhythmia; major psychiatric disorder or neurological disorder; history of glaucoma; history of major hematological, renal, or hepatic abnormalities; and/or taking nitrate or nitric oxide donors. Patients currently taking tricyclic antidepressants, monoamine oxidase inhibitors, or selective serotonin reuptake inhibitors as well as those with a contraindication for using tadalafil were also excluded. The use of cytochrome P450 3A4 inhibitors and drugs for the treatment of dementia (e.g., donepezil, rivastigmine, galantamine, or memantine) were discontinued during the treatment period.

There have been a few studies on the effects of PDE5 inhibitors on cerebral perfusion conducted to date. In addition, the present study was conducted as a means of preliminary research for potential application in clinical studies involving a larger number of subjects in the future. Therefore, we decided that 30 subjects were needed considering a beta error 0.15 and dropout rate of 10% at a significance level of 0.05.[@b13-cpn-17-432]

Image Analysis
--------------

A SPECT study was performed twice in each patient using a dual-head, variable-angle SPECT gamma camera (Infinia Hawkeye; GE Healthcare, Haifa, Israel). The baseline study was performed at 15 minutes after intravenous injection of Tc-99m-hexamethylpropylenaminoxime, while the second SPECT study was performed at eight weeks after the same.[@b14-cpn-17-432] SPECT data were analyzed using Statistical Parametric Mapping 12 (SPM; Wellcome Department of Cognitive Neurology, Institute of Neurology, London, UK). All images were spatially normalized to the SPM SPECT template (Montreal Neurological Institute, McGill University, Montreal, Canada) using a 12-parameter affine transformation, followed by nonlinear transformations and trilinear interpolation. Images were resliced with a voxel size of 2 × 2 × 2 mm and smoothed with a 12-mm, full-width half-maximum Gaussian kernel. Normalized regional CBF maps were created using proportional scaling. Global counts were scaled to 50 ml/100 g/min.

Statistical Analysis
--------------------

Changes in MoCA score between the two time-points (before and after the administration of eight weeks of tadalafil) were assessed by paired *t* tests. A voxel-wise paired *t* test was conducted to evaluate regional perfusion changes between the baseline and follow-up. The height threshold was *p* \< 0.05 and the extent threshold was 100 or more contiguous voxels, respectively. Changes in regional CBF values were extracted from each significant cluster using the MarsBar toolbox (<http://marsbar.sourceforge.net/>).

RESULTS
=======

Subjects
--------

Overall, 30 male patients were assigned to the treatment group in this study and 25 of them completed the eight-week treatment course. One patient withdrew consent and four patients were withdrawn from the study due to adverse events such as myalgia, dizziness, and abdominal pain. Efficacy analyses were performed in the per-protocol population. The demographic data and baseline characteristics of subjects are shown in [Table 1](#t1-cpn-17-432){ref-type="table"}. The average age of the 25 patients was 64.36 years ± 5.82 years and the mean duration of ED was 30.12 months ± 17.78 months. The mean baseline IIEF and MoCA scores were 7.52 ± 4.84 and 18.92 ± 1.78, respectively.

Primary Efficacy Variable
-------------------------

Changes in regional CBF are shown in [Table 2](#t2-cpn-17-432){ref-type="table"}. Regional CBF was significantly increased in the postcentral gyrus (T score = 4.34, *p* \< 0.001), precuneus (T score = 4.21, *p* \< 0.001), and brainstem (T score = 4.06, *p* \< 0.001) following the administration of eight weeks of tadalafil. However, there was a decrease in blood flow in the hippocampus as compared with the baseline hippocampal blood flow. [Figure 1](#f1-cpn-17-432){ref-type="fig"} also shows changes in regional CBF at eight weeks. The red-yellow color indicates the increase in the follow-up versus at baseline, while the blue-green color indicates a decrease in the follow-up versus at baseline.

Secondary Efficacy Variables
----------------------------

The IIEF and MoCA scores at eight weeks were 12.92 ± 7.27 and 21.80 ± 1.71. Mean changes of the IIEF and MoCA scores were 5.40 ± 6.52 and 2.88 ± 1.61. Analyses of mean changes of the MoCA scores revealed that the cognitive functions of the subjects were significantly improved after administration of eight weeks of tadalafil (*p* \< 0.001). Subanalysis of MoCA showed statistically significant changes in the remaining items except for "Visuospatial/Executive" and "Orientation" ([Table 3](#t3-cpn-17-432){ref-type="table"}).

Safety and Tolerability
-----------------------

Although four patients in the treatment group experienced adverse events such as myalgia, dizziness, and abdominal pain, all adverse events were mild to moderate in severity. Furthermore, most drug-related adverse events were attenuated without any treatment. There was no significant drug-related change in clinical parameters.

DISCUSSION
==========

The main findings of this prospective study are: (1) daily low-dose tadalafil administration increased relative regional CBF in the postcentral gyrus, precuneus, and brainstem and (2) that cognitive function was significantly improved after the administration of tadalafil for eight weeks.

There are several mechanisms of action that could explain the cognition-enhancing effects of PDE5 inhibitors.[@b5-cpn-17-432] Among these mechanisms, increases in blood flow and glucose metabolism have been numerously reported that might be related to the cognitive enhancements seen after PDE5 inhibitor treatments in animal models. Localized CBF was increased after seven days of oral administration of sildenafil at a dose of 2 mg/kg upon measuring relative CBF velocity with laser Doppler flowmetry in anesthetized rats.[@b15-cpn-17-432] The administration of sildenafil in rats with embolic stroke enhanced angiogenesis and selectively increased the CBF in the ischemic lesion.[@b16-cpn-17-432] Tadalafil treatment also increased cerebral vascular density and endothelial cells around the ischemic boundary in a rat model of embolic stroke.[@b17-cpn-17-432]

Several studies have reported CBF changes after the administration of PDE5 inhibitors in human, though there has remained some controversy regarding the subject. In one study, there was a significant increase of cerebral oxygenated hemoglobin and total hemoglobin concentration after intravenous sildenafil administration in children with elevated pulmonary vascular resistance due to congenital heart defects after cardiac surgery.[@b18-cpn-17-432] Sheng *et al*.[@b19-cpn-17-432] suggested that a 50-mg single dose of sildenafil improves cerebral hemodynamic function in patients with Alzheimer's disease. Specifically, they used magnetic resonance imaging to investigate the alterations of CBF and found that increased CBF was most pronounced in the bilateral medial temporal lobes. On the contrary, other reports suggested that sildenafil has no significant effects on CBF, which researchers measuring the regional CBF in the perfusion area of the middle cerebral artery using transcranial Doppler or SPECT.[@b20-cpn-17-432],[@b21-cpn-17-432]

Our previous clinical study revealed that daily dosing with a PDE5 inhibitor improves cognitive function, depression, and somatization using the Korean version of the Mini-Mental State Examination, though we could not provide a clear mechanism for this change at that time.[@b22-cpn-17-432] Therefore, we planned to determine the precise mechanisms of the cognitive-enhancing effects of PDE5 inhibitors by the measurement of CBF with comprehensive neuropsychometric assessments. In this study, regional CBF was measured using SPECT. Patients showed increased relative regional CBF in the postcentral gyrus, precuneus, and brainstem after tadalafil administration as compared with baseline, though there was a decrease in CBF in the hippocampus as compared with baseline.

Recently, it was hypothesized that the brainstem constitutes an essential part of the cerebello--cerebral neural network, which acts as a subordinate to cognitive function, though the brainstem has been known to provide motor and sensory innervation.[@b23-cpn-17-432] The precuneus plays a role in episodic memory, visuospatial processing, and consciousness.[@b24-cpn-17-432] A recent positron-emission tomography analysis of patients with amnestic mild cognitive impairment showed metabolic alterations in the precuneus, though a number of previous studies using structural magnetic resonance imaging focused on the hippocampus in patients with mild cognitive impairment.[@b25-cpn-17-432]

The present study has several limitations. First, this study is just a comparative study of cognitive function and CBF change before and after the administration of tadalafil due to an unethical issue of radiation exposure in placebo controlled group. Therefore, a randomized placebo controlled study should be needed to confirm the effectiveness of daily low-dose tadalafil on cognitive function. It is also necessary to adjust for confounding factors such as education that may affect cognitive function that were not included in this study. Second, the accurate measurement of hippocampal blood flow is difficult due to its small size, variable distribution of arteries, and location; furthermore, it can be supplied by the branches of the artery and the numerous internal hippocampal arterioles arising from these vessels, which can make for through-flow error. Therefore, SPECT alone might be insufficient to measure regional CBF in the hippocampus accurately.[@b26-cpn-17-432],[@b27-cpn-17-432]

In conclusion, the results of this prospective clinical study suggest that the daily use of tadalafil 5 mg increases some regional CBF and improves cognitive function in patients with ED and mild cognitive impairment. However, a randomized controlled study using a larger sample size is required to elucidate the clear underlying mechanism(s) that might explain the cognition-enhancing effects of tadalafil. Furthermore, new imaging modalities to measure CBF better should be validated.
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###### 

Demographic and baseline parameters

  Parameter                   Patient (n = 25)
  --------------------------- ------------------
  Age (yr)                    64.36 ± 5.82
  Body mass index (kg/m^2^)   25.44 ± 2.33
  Cause of ED                 
   Psychogenic                7
   Organic                    18
  Duration of ED (mo)         30.12 ± 17.78
  Past medical history        
   BPH                        22
   Diabetes                   9
   Hypertension               12
   Hyperlipidemia             10
   Depression                 2
   Obscessive disorder        0
   Other disease              20
  IIEF-5 scroe                7.52 ± 4.84
  MoCA score                  18.92 ± 1.78

Values are presented as mean ± standard deviation or number only. ED, erectile dysfunction; BPH, benign prostate hyperplasia; IIEF, International Index of Erectile Function; MoCA, Montreal Cognitive Assessment.

###### 

Changes in regional cerebral blood flow

  Region                  T score   *p* value   Coordinates[\*](#tfn2-cpn-17-432){ref-type="table-fn"} (x, y, z)   Cluster size (voxel)
  ----------------------- --------- ----------- ------------------------------------------------------------------ ----------------------
  Baseline \< follow-up                                                                                            
   L postcentral gyrus    4.34      \< 0.001    −66, −12, 22                                                       131
   R precuneus            4.21      \< 0.001    8, −62, 22                                                         279
   Brainstem              4.06      \< 0.001    −2, −34, −2                                                        478
  Baseline \> follow-up                                                                                            
   R hippocampus          5.00      \< 0.001    20, −12, −22                                                       327

The coordinates refer to the Montreal Neurological Institute coordinate system.

###### 

Mean change between assessmentsat baseline and eight weeks

  Parameter                Visit         Mean scrore (n = 25)   *p* value[\*](#tfn5-cpn-17-432){ref-type="table-fn"}
  ------------------------ ------------- ---------------------- ------------------------------------------------------
  IIEF                     Baseline      7.52 ± 4.84            \< 0.001
                           Week 8        12.92 ± 7.27           
                           Mean change   5.40 ± 6.52            
  MoCA                     Baseline      18.92 ± 1.78           \< 0.001
                           Week 8        21.80 ± 1.71           
                           Mean change   2.88 ± 1.61            
  Visuospatial/Executive   Baseline      3.08 ± 1.22            1.00
                           Week 8        3.08 ± 0.81            
  Naming                   Baseline      2.40 ± 0.71            0.005
                           Week 8        2.68 ± 0.63            
  Attention                Baseline      3.32 ± 0.95            \< 0.001
                           Week 8        4.44 ± 1.08            
  Language                 Baseline      1.88 ± 0.73            0.005
                           Week 8        2.44 ± 0.65            
  Abstraction              Baseline      0.52 ± 0.51            0.005
                           Week 8        0.81 ± 0.41            
  Delayed recall           Baseline      1.92 ± 0.91            0.018
                           Week 8        2.36 ± 0.76            
  Orientation              Baseline      5.80 ± 0.58            0.096
                           Week 8        0.60 ± 0.00            

Values are presented as mean ± standard deviation.

IIEF, International Index of Erectile Function; MoCA, Montreal Cognitive Assessment.

*p* values between the baseline and week 8.
